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Connectin Mediates Adhesion in Drosophila
Srikala Raghavan and Robert A. H. White in little observable perturbation of the normal axonal
navigation. This is particularly true for cell±cell adhesionDepartment of Anatomy
molecules.University of Cambridge
Connectin provides an example of a cell±cell adhesionCambridge CB2 3DY
molecule whose expression pattern strongly suggestsUnited Kingdom
an involvement in the process of axon pathfinding, but
whose elimination by mutation results in no obvious
misrouting phenotype (Nose et al., 1994). The connectinSummary
gene encodes a cell surface protein of the leucine-rich
repeat class and mediates homophilic cell adhesion inThe Drosophila cell-surface molecule connectin medi-
vitro (Gouldand White, 1992; Nose et al., 1992; Meadowsates cell±cell adhesion in vitro, and its expression pat-
et al., 1994). Its expression pattern in vivo is highly sug-tern in vivo fits well with an adhesion role in the embry-
gestive of a role in axon guidance, as it is expressed inonic neuromuscular system. However, connectin
a particular subset of motor neurons, in glial cells alongmutants do not show dramatic neuromuscular de-
their path, and in their specific muscle targets (Nose etfects, and ectopic expression studies so far have not
al., 1992). Examination of a more complete develop-supported an adhesion role. Here, we demonstrate
mental profile of connectin expression suggests a vari-that connectin mutants do have a phenotype; the nor-
ety of roles consistent with an invivo homophilic cell±cellmally connectin-positivepleural muscles fail to adhere
adhesion function (Meadows et al., 1994). Connectin isclosely together. An in vivo adhesion role is supported
expressed early in the development of the central ner-by misexpression studies, which result in excessive
vous system (CNS) in the longitudinal glia and in theadhesion of normally connectin-negative muscles.
ventral unpaired median neuroblasts (VUMs), and theseMisexpression also causes defects in axon pathfind-
connectin-positive cells directly interconnect to form aing. While a previous study interpreted similar defects
scaffold. Later, connectin is expressed along the path-as indicating a repulsion role for connectin, we argue
ways followed by connectin-positive axons in the CNS,that the phenotypes are consistent with connectin's
consistent with a role in axonal guidance, and con-adhesion role.
nectin-positive axons run together in the longitudinal
connectives, consistent with a role for connectin in fas-
Introduction ciculation. However, the connectin null mutationsgener-
ated and analyzed by Nose et al. (1994) show no obvious
In recent years, significant progress has been made in defects in axonal pathfinding and the establishment of
identifying molecules that may be involved in the pro- correct neuromuscular connections. So, what is the in
cess of axon pathfinding, i.e., how a nerve tracks to, vivo function of connectin? A potential clue has come
and ultimately finds, its specific targets. A large number from misexpression studies. Nose et al. (1994) used a
of candidate molecules have been isolated using both heterologous promoter to misexpress connectin in a
classical and reverse genetics approaches, as well as set of ventral muscles which do not normally express
biochemical purification methods from a wide range of connectin. This ectopic expression of connectin altered
organisms (reviewed by Keynes and Cook, 1995; Good- the morphology, trajectory, and synapse formation of
man, 1996; Tessier-Lavigne and Goodman, 1996). Mole- the segmental motor nerve branch b (SNb) that inner-
cules expressed either by axons or in the surrounding vates these muscles. These experiments suggested a
tissues have been implicated in axonal guidance, on the repulsive role for connectin during growth cone guid-
basis of their in vivo expression patterns and their ability ance and synapse formation, for specific motor neurons.
either to attract or repel axons in in vitro assays. Some This result contrasts, however, with a cell±cell adhesion
of the most detailed analysis has come from Drosophila, function for connectin expected from the in vitro studies
and a variety of classes have been recognized with both and the in vivoexpression pattern. We decided to further
cell-surface and secreted molecules associated with at- examine the role of connectin in vivo, and we detected
tractive and repulsive axon guidance (Patel et al., 1987; a defect in muscle morphology in connectin null muta-
Snow et al., 1989; Grenningloh et al., 1991; Nose et al., tions, indicating a role in cell±cell adhesive interactions.
1992; Callahan et al., 1995; Chiba et al., 1995; Matthes Ectopic expression studies corroborate an in vivo adhe-
et al., 1995; Mitchell et al., 1996). Prominent among the sive function for connectin in muscles and, in addition,
characterized functional types are molecules involved generate axonal misroutingphenotypes. We discuss the
in cell±cell adhesion and signal transduction. interpretation of connectin misexpression experiments
For some of these classes, mutation in the relevant and suggest that the effects on axonal pathfinding are
gene results in severe axonal misrouting, providing secondary consequences of changes in muscle mor-
strong support for their in vivo significance in axonal phology.
pathfinding. This is the case for the netrins (Mitchell
et al., 1996) and for some receptor tyrosine kinases Results
(Callahan et al., 1995). However, for other classes, de-
spite a large body of circumstantial evidence implicating Wild-Type Expression of Connectin
many molecules in axonalpathfinding, testing their func- In vitro connectin mediates homophilic cell±cell adhe-
sion when expressed in tissue culture cells, and severaltion by elimination of the gene product has resulted
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aspects of the in vivo expression pattern fit well with a
cell adhesion role (Nose et al., 1992; Meadows et al.,
1994). There is a tight correlation between cell±cell rec-
ognition events and the timing and pattern of connectin
expression in theconstruction of theglial±neuronal scaf-
fold in the CNS, in the pathfinding and fasciculation in
the CNS, in the association between connectin-positive
motor neurons and connectin-expressing glial cells in
the periphery, and in the linking up of connectin-positive
motor neurons and target muscles. Connectin is ex-
pressed on a subset of muscles (21±24, 18, 27, and 29)
and in the motor nerves that innervate them, SNa and
SNc. On the muscles, connectin is often clearly concen-
trated at the contact interface between apposed con-
nectin-positive muscles. Figure 1A shows an example
of this in the muscles 21±24 and 18, also known as
the lateral transverse muscles and dorsal transverse
muscle, respectively (Bate, 1993). Connectin expression
is visualised using the antibody C1.427. This expression
correlates well with the morphology, as these muscles
form a compact aligned set. Connectin expression is
first seen in the muscle precursors z7 hr after egg laying
(AEL) and continues to be expressed in these musclesas
they elongate and grow. Throughout their development,
connectin is concentrated on the contact surfaces. By
the end of embryogenesis, the expression level of con-
nectin in the muscles declines, and this correlates with
a separation of the individual muscles. In the third instar
larva, connectin is expressed only in the larval nerves
(S. R. and R. A. H. W., unpublished data) and not in the
muscles, and these muscles are quite separate.
Loss of Function Phenotype
Several mutations and deficiencies of the connectin
gene were isolated by imprecise excision of a P element
at the 59 end of the gene (Nose et al., 1994). The viable
alleles, which have only 5% of normal connectin activity,
do not show any apparent defects. The deficiencies are
lethal and completely lack the connectin gene (as well
as at least one other lethal gene). However, since they
survive until the end of embryogenesis, they were used
to study the lethal phenotype. Nose et al. (1994) reported
that they did not see any gross morphological defects
in the normally connectin-positive muscles and nerves.
However, when we examined the lateral transverse mus-
cles in these embryos, we observed a subtle but distinct
phenotype. Whereas in the wild-type embryos these
other (arrows). The white dotted line represents the outer edges of
muscles 21 and 18, which are not in contact with other connectin
positive muscles and show little connectin labeling.
(B and C) The muscles are visualised using anti-MHC immunolabel-
ing in late stage 16 embryos.
(B) Wild-type embryo. The pleural muscles are closely apposed
(arrows), whereas, in the ventral muscles, the gap between muscles
12 and 13 is indicated (arrowhead).
Figure 1. Connectin Expression andFunction in the Pleural Muscles (C) OI1/OI1-connectin null embryo. There are clear gaps between
(A) Confocal image of a wild-type stage 16 embryo, showing the the pleural muscles in every hemisegment, and the arrows point to
lateral region of three abdominal segments, double-labeled with the gaps between muscles 21 and 22 and muscles 23 and 24 in one
anti-MHC (red) and anti-connectin (green) antibodies. Connectin is hemisegment. The ventral muscles, on the other hand, have a wild-
expressed in muscles 21±24 and 18. The highest concentration of type morphology, and the arrow head marks the gap between mus-
connectin is found where two muscles are in contact with each cles 12 and 13 (as in the wild-type embryo). Scale bar, 30 mm.
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muscles are closely apposed (Figure 1B), in the con-
nectin null embryos, at a similar stage, these muscles
are quite separate (Figure 1C). This phenotype most
likely represents the loss of function phenotype of con-
nectin, as it is apparent in both deficiency homozygotes,
Flex14 and OI1, as well as in the Flex14±OI1 heterozy-
gotes, and it affects only the normally connectin-positive
muscles and not, for example, the ventral muscles 6, 7,
13, and 12, which normally do not express connectin
(Figures 1B and 1C). Other connectin positive-muscles,
27 and 29, do not showany alteration in morphology, but
these muscles, though relatively close, do not actually
contact each other in the wild type. These results indi-
cate that, at least in the lateral transverse muscles, con-
nectin could be functioning as a homophilic cell adhe-
sion molecule involved in apposing these muscles
together through early development, and that, in the
absence of connectin, these muscles separate. We do
not know the developmental consequence of the failure
of these muscles to appose, because these embryos
die at the end of embryogenesis.
Ectopic Expression of Connectin
If an in vivo role of connectin is to keep some of the
normally connectin-positive muscles closely apposed,
then the prediction would be that, by misexpressing
connectin, we would now start sticking normally con-
nectin-negative muscles together by expressing con-
nectin on their surfaces. To misexpress connectin in all
of the muscles using the UAS-GAL4 system (Brand and
Perrimon, 1993), we made a UAS-connectin transforma-
tion construct by cloning the connectin sequence down-
stream of the UAS promoter in pUAST (see Experimental
Procedures). We generated ten independent trans-
formant lines and checked all of them for connectin
expression, using several GAL4 driver lines. We ob-
tained connectin misexpression in all ten lines and used
one of the lines, 69.1, for all subsequent experiments.
16, and 17, in three segments. The arrowheads represent the gaps
between these muscles, which give these muscles a ``chicken feet''-
like appearance.
(B) UAS-connectin/24B stage 16 embryo, showing muscles 15, 16,
and 17. Note that the muscles appear stuck together (arrowheads),
giving these muscles a ªduck feetº-like morphology. These muscles
are not fused and have distinct membranes (see text). Scale bar,
40 mm.
(C and D) Confocal images of embryos labeled with anti-MHC anti-
body and filleted.
(C) Wild-type stage 16 embryo, showing the ventral longitudinal
muscles 7, 6, 13, and 12. Note the gap between muscles 13 and 12
(arrows).
(D) UAS-connectin/24B embryo, showing muscles 7, 6, 13, and 12.
The gap between muscles 13 and 12 is abolished (arrows). Scale
bar, 60 mm.
(E and F) Dissected wandering third instar larvae.
(E) Wild-type larva, showing the ventral muscles 7, 6, 13, and 12.
There are wide gaps between these muscles, and each muscle fiber
can be individually identified. The arrow points to the gap between
muscles 12 and 13.
(F) UAS-connectin/24B larva, showing theventral muscles. The mus-
Figure 2. The Effects of Ectopic Connectin Expression on the cles here are more closely spaced than in the wild-type larva, making
Muscles it more difficult to identify the individual fibers. Note that the gap
between muscles 12 and 13 is significantly reduced (arrow). Scale(A and B) The embryos have been labeled with anti-MHC and filleted.
(A) Wild-type embryo, focusing on the ventral oblique muscles 15, bar, 50 mm.
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to express connectin in all of the muscles. We detected
phenotypes in the ventral-most muscles, 15, 16, and 17
(the ventral obliques) and 6, 7, 12, and 13 (the ventral
longitudinals), and we have concentrated our analysis
on these muscles, as they don't express connectin in
the wild-type embryo, are readily identifiable, and are
easy to study both during embryogenesis and in third
instar larvae. One of the most obvious phenotypes is
that these muscles now show increased adhesiveness.
For example, the ventral oblique muscles in a late stage
16 wild-type embryo splay out ventrally as separate
muscle bodies, and we liken them to ``chicken feet'' to
describe their morphology (Figure 2A). In the connectin
overexpression embryo, these muscles stick together
and appear more like ``duck feet'' in appearance (Figure
2B). It is important tonote that the musclesare not fused,
because each muscle still has a distinct membrane, as
assayed by the connectin labeling on the muscles (data
not shown). In the wild type, the ventral longitudinal
muscles also have distinct, albeit fairly small, gaps be-
tween them. The gap that is easiest to score in a late
stage 16 embryo is between muscles 13 and 12 (Figure
2C). In the connectin misexpression embryo, this gap
is completely abolished (Figure 2D), suggesting that the
expression of connectin has resulted in the adhesion of
these muscles, which are normally closely aligned but
not directly apposed. The lateral transverse muscles
that normally express connectin would not be expectedFigure 3. Schematic View of SNb and SNd Development in Wild-
to be altered in morphology, and that is indeed what weType and Connectin-Misexpressing Embryos
find (data not shown). It is important to point out thatDiagram of a cross-section of the branching of SNb (purple) and
SNd (green). SNa (red) and ISN (brown) are also shown, though the all of the embryos that we scored carried one copy of
details of the branching of these nerves has been left out for clarity. UAS-connectin and one copy of 24B GAL4, all of them
SNc is not shown. External (epidermis) is to the right, and internal showed the muscle phenotype (n 5 100), and all of these
(muscles) is to the left.
animals survived to adulthood. We then decided to see(A) In the wild-type embryo, SNb exits the CNS at the intersegmental
what these muscles look like in the larva. We dissectednerve root and travels for a short distance with SNa and ISN; at the
wandering third instar larvae and found that the ventralexit junction, which is the first choice point, it leaves the ISN and
enters the ventral muscle field at the level of muscle 28. It then longitudinal muscles are still ``stuck,'' or at least more
extends between muscle 14 and muscles 6 and 7 and sends a closely apposed (Figure 2F) than the wild-type muscles
branch, RP3, which innervates the cleft between muscles 6 and 7. (Figure 2E). However, we were not able to detect any
It then continues along the external surface of muscle 6 and, at the
obvious effects of this phenotype on the locomotion oflevel of muscle 30, faces another choice point and dives in to extend
the larvae when we observed them crawling over analong the internal surfaces of muscles 13 and 12. Note that RP1 and
agar plate.RP4 innervate the proximal edge of muscle 13, while RP5 innervates
muscle 12. In all four muscles, 7, 6, 13, and 12, the synaptic sites
are present on the internal surface of the muscle (as indicated by
the purple dots). For the sake of clarity, the branches of SNb that Ectopic Expression of Connectin Alters SNb
innervate muscles 28, 14, and 30 are not shown. The SNd also exits and SNd Development
from the CNS, and at the exit junction it bifurcates from the other
Having established that misexpression of connectin insegmental nerves and enters its muscle territory, traveling along
muscles causes their morphology to be altered, we de-the cleft between muscles 15 and 16 and sending a branch to mus-
cided to investigate what happens to the innervation ofcle 17.
(B) UAS-connectin/24B embryo. Through misexpression of con- these affected muscles. All the motor neuron growth
nectin on the surface of all of the muscles, these muscles are more cones and their axons express Fasciclin II (FasII) during
closely apposed than in the wild-type embryos, so that the charac- axon outgrowth and synapse formation (Van Vactor et
teristic gaps where the RP neurons would normally innervate the
al., 1993) and can be visualised by the monoclonal anti-muscles are abolished. As a result, SNb is impeded from migrating
body 1D4. The ventral longitudinal muscles (6, 7, 13, andin and out of the muscle field, especially at the level of muscle 13,
12) are innervated by SNb, whereas the ventral obliquewhere SNb stops because the gap between muscles 6 and 13 is no
longer available to it. The cleft between muscles 6 and 7 is also muscles (15, 16, and 17) are innervated by SNd. The
smaller, so that RP3 is unable to innervate it in most cases (thinner SNb contains several identified motor axons; RP3, which
line in B). The SNd fails to grow out, possibly because its normal innervates muscles 6 and 7, RP1 and RP4, which inner-
pathway in the cleft between muscles 15 and 16 is obscured.
vate muscle 13, and RP5, which innervates muscle 12
(Sink and Whitington, 1991a, 1991b;Halpern et al., 1991).
The SNb exits the CNS at the intersegmental nerve (ISN)The 24B GAL4 line (Lou et al., 1994) expresses GAL4 in
all of the muscle precursor cells, from stage 11 until the root, and travels along for a short distance with both
the ISN and SNa. At the exit junction, which is the firstend of embryogenesis, and was used as the driver line
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choice point for SNb, it leaves the ISN and shortly there-
after enters the ventral muscle field at the level of muscle
28 (Figure 3A). It then extends between muscle 14 and
muscles 6 and 7, where RP3 exits and innervates the
cleft between muscles 6 and 7. Then it continues along
the external surface of muscle 6 and at the level of
muscle 30, faces another choice point, and passes be-
tween muscles 6 and 13 to extend along the interior
surface of muscles 13 and 12. At the level of muscle 13,
RP1 and RP4 exit and arborize at the proximal edge of
muscle 13, and RP5 arborizes on muscle 12. By late
stage 16, these growth cones are exploring their muscle
targets, and by early stage 17, they have begun to form
functional synapses (Figure 3A). In previous ectopic ex-
pression studies, Nose et al. (1994) misexpressed con-
nectin on muscles 6, 7, 15, 16, and 17 using the Toll
promoter and reported pathfinding defects in SNb. The
SNb motor neuron growth cone changed both its mor-
phology and its trajectory, in these experiments, leading
Nose et al. to propose a repulsive role for connectin in
growth cone guidance. They did not, however, observe
any changes in the muscle morphology or any defects in
SNd, the motor neuron that normally innervates muscles
15±17. In contrast, we find defects in both SNb and
SNd, due to ectopically expressed connectin, and the
changed muscle morphology suggests an alternative
explanation to repulsion.
In our experiments, an abnormal SNb phenotype was
observed in every hemi-segment of every embryo
scored. However, the SNb always entered the ventral
muscle field at the normal location, unlike what was
reported in the previous study. The principal phenotype
(Figure 4), observed in 70% of the cases (n 5 50 hemi-
segments; see Table 1), shows SNb entering the ventral
muscle field and appearing to extend fairly normally over
the misexpressing ventral muscles 6 and 7, but then
failing to dive down internally between muscles 6 and
13. Consequently, it fails to reach the synaptic terminal
(C and D) Confocal sections of stage 16 embryos showing three
abdominal hemisegments. These embryos are double-labeled with
anti-MHC (red) and anti-FasII (green) antibodies and filleted to visu-
alise the exact path taken by SNb, as it traverses through the ventral
muscle field.
(C) Wild-type embryo. The nerve branches SNb, SNc, and SNd are
labeled `b', `c', and `d'. The SNb enters the muscle field at the level
of muscle28 (see Figure 3A), then extends along the external surface
of muscles 6 and 7 and sends a branch that innervates the cleft
between muscles 6 and 7 (ventral-most arrow). At the top edge ofFigure 4. Ectopic Expression of Connectin Alters SNb and SNd De-
muscle 6, the nerve disappears from view, as it dives in betweenvelopment
muscles 6 and 13, and extends along the internal surface of muscles(A and B) The motor neurons are visualised using the MAb 1D4,
13 and 12 (see Figure 3A). It sends a branch to muscle 13 (middlewhich recognizes FasII. The embryos are at late stage 16 and are
arrow) and to muscle 12 (dorsal-most arrow). The SNd motor neuronfilleted; anterior is to the left and dorsal is to the top.
travels along the cleft between muscles 15 and 16 and sends a(A) Motor neuron projections in four abdominal segments of a wild-
branch to muscle 17 (see Figure 3A).type embryo. SNb, SNc, and SNd are labeled `b', `c', and `d'. The
(D) UAS-connectin/24B embryo. The nerve branches SNb and SNcarrowheads represent the contacts that SNb makes with muscles
are marked `b' and `c', whereas SNd is missing (arrowhead). As in6±7, 13, and 12 (from ventral to dorsal).
the wild-type embryo, SNb travels along the external surface of(B) UAS-connectin/24B embryo. SNb and SNc are labeled `b' and `c',
muscles 6 and 7; however, it fails to send out a branch to innervatewhereas SNd is missing (small arrowhead). SNb is abnormal in all
the cleft between muscles 6 and 7 (ventral-most broken arrow). Ithemisegments. The arrowheads in the second hemisegment from
then fails to dive between muscles 6 and 13 and instead continuesthe left represent the contacts that SNb makes with muscles 6±7
and 13 (from ventral to dorsal). In 70% of the hemisegments scored, a little way along the wrong (external) surface of muscle 13 (middle
the nerve fails to reach muscle 12; however, in some cases, SNb arrow) and stops there, failing to reach muscle 12 (dorsal-most
grows to the level of muscle 12 but fails to innervate it (arrow). Scale broken arrow). SNd fails to grow out and innervate muscles 15 and
bar, 50 mm. 16. Scale bar, 30 mm.
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Table 1. Motor Neuron Defects in Connectin Misexpression Embryos
Nerve Branch Number of Hemisegments with Defects
SNa 0/50 (0%)
SNb 50/50 (100%) defects detailed below
SNd 42/50 (84%) SNd absent
SNb defects Number of hemisegments with defects
Stops at the level of muscle 13 35/50 (70%)
Stops at the level of muscles 6 and 7 11/50 (22%)
Stops at the level of muscle 12 4/50 (8%)
but does not innervate it
SNc appeared normal in most cases but was not studied in great detail.
sites (Johansen et al., 1989b; Halpern et al., 1991) on in the ventral oblique muscles causes these muscles to
stick together, and we observe that, in .80% of themuscles 13 and 12, which lie on the internal face of
these muscles (Figures 3 and 4D). In z8% of the hemi- cases (n 5 50) studied, SNd fails to grow out, possibly
because the cleft between muscles 15 and 16 is nosegments scored, SNb reached the level of muscle 12,
but RP5 failed to arborize on it (Table 1). In these cases, longer available to it (Figures 3B and 4B).
In contrast to the phenotypes in the connectin-nega-when the SNb does reach the level of muscle 12, it is
traveling on the wrong (external) muscle surface. Adding tive nerves, SNb and SNd, we found no clear defects in
the connectin-positive nerves, SNa and SNc.these two classes together, we thus observe a failure
of SNb to pass between muscles 6 and 13 in 78% of
the cases. In 22% of the cases, SNb enters the ventral Discussion
muscle field but stops at the level of muscles 6 and 7.
Since the major nerve misrouting phenotype reported Loss of Function Versus Gain of Function
of Connectin in the Musclesby Nose et al. was a failure of RP3 (the motor nerve that
innervates the cleft of muscles 6 and 7) to innervate its We have detected a loss of function phenotype of con-
nectin in specific muscles. Connectin is normally ex-target, we decided to examine what happens to the RP3
in those embryos where SNb progressed at least to pressed on a subset of muscles, 18, 21±24, 27, and 29;
the muscles 18 and 21±24 are closely apposed, andthe level of muscle 13. We looked at a subset of the
hemisegments scored above (n 5 17) and examined the connectin is concentrated on their contact interfaces.
In connectin null mutations, these latter muscles areRP3 arborization on muscles 6 and 7. We observed that
the RP3 arborization was present in .75% (13/17) of no longer tightly apposed, indicating that the normal
morphology of these muscles requires connectin-medi-the hemisegments scored, although it had an abnormal
morphology. In z50% (8/17) of the hemisegments, the ated cell±cell adhesion. This in vivo cell adhesion role
for connectin is well supported by ectopic expressionRP3 arborization was found on the external (wrong) sur-
face of muscle 7, and consequently failed to innervate studies, using the UAS-GAL4 system to express con-
nectin in all somatic muscles, in which we demonstratethe cleft of muscles 6 and 7. In z25% (4/17) of the
hemisegments scored, RP3 was missing, and in the re- the ability of connectin to drive cell±cell adhesion in
normally connectin-negative muscles. The musclesmaining 25% (5/17) of the hemisegments, RP3 was pres-
ent in the cleft, but failed to extend within the cleft. So, within the ventral longitudinal group (muscles 6, 7, 13,
and 12) and the ventral oblique muscles 15±17 werein at least 75% of the hemisegments scored, RP3 failed
to reach its synaptic target sites (Johansen et al., 1989b; shown to be more closely apposed in embryos misex-
pressing connectin than in the wild type. The expressionHalpern et al., 1991), which lie in the cleft between mus-
cles 6 and 7. of connectin on these muscles was sufficient to bring
the muscle surfaces together in the embryo and to main-We have shown above that by misexpressing con-
nectin the ventral longitudinal muscles adhere together; tain the ventral longitudinal muscles as a closely bun-
dled group into larval stages. To our knowledge, this isas a result, SNb could be impeded in migrating between
muscles, and this could explain both the phenotypes of the first report of this kind of phenotype. There are other
examples of cell surface adhesion molecules that areSNb misrouting at the muscle 6±13 junction and the
failure of RP3 to pass through the cleft between muscles expressed on muscles. The cell surface molecule Fas-
ciclin III is expressed in the ventral muscles 6 and 76 and 7.
The SNd is a branch of the segmental nerve, and it (Halpern et al., 1991) and is concentrated where the
muscle fibers contact each other. The decrease in theinnervates muscles 15, 16, and 17, which are the ventral
oblique muscles. The motor axons that constitute it are expression of FasIII at the end of embryogenesis corre-
lates with the timing of muscle separation. In similarless well characterized than those of the SNb, but it
emerges from the CNS, and at the exit junction it bifur- misexpression studies to those reported here for con-
nectin, when Fas III was misexpressed in all of the mus-cates from the other segmental nerves and enters its
muscle territory, traveling along the cleft between mus- cles using a muscle-specific promoter, the authors de-
tected defects in the RP3 motor neuron (which alsocles 15 and 16and sending a branch to muscle 17 (Figure
3A). As demonstrated above, misexpressing connectin expresses FasIII, and innervates muscles 6 and 7) but
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did not detect any changes in muscle morphology single copy of the expression construct, whereas, even
with up to eight copies of the Toll-connectin construct,(Chiba et al., 1995).
only about 80% of the hemisegments revealed defects.
The Toll-connectin construct results in the ectopic ex-
Effects of Connectin Misexpression on SNb pression of connectin on muscles 6 and 7 but not on
and SNd Pathfinding muscles 12 and 13. The innervation of muscles 6 and 7
In embryos expressing connectin on all muscles, we was severely affected, with only minor effects on the
consistently observed disruption of axon pathfinding, innervation of muscles 12 and 13. This would be consis-
with pronounced defects in two branches of the seg- tent with the ectopic expression of connectin affecting
mental nerve, SNb and SNd. the ability of the nerve to pass between muscles 6 and
The phenotypes we observed can be compared to 7 to reach the synaptic target sites, but the pathway
the effects of ectopic expression of connectin on a lim- between muscles 6 and 13 would remain open. While the
ited set of somatic muscles, muscles 6, 7, 14, 15±17, occlusion of pathways by the inappropriate adhesion of
and 28, using a Toll regulatory element (Nose et al., muscles appears consistent with the major pathfinding
1994). Pathfinding defects were seen specifically inSNb, defects, the changes in muscle shape may affect axonal
with the nerve appearing to be inhibited from entering pathways in a variety of ways, and the ectopic expres-
the ventral muscle area and exhibiting a variety of stall sion of connectin on a muscle may also interfere with
and bypass phenotypes. These phenotypes were inter- normal axon guidance signals.
preted as indicating a specific repulsive role for con- From our experiments, we feel that the ectopic ex-
nectin when expressed in this ectopic location. This pression phenotypes of connectin can be explained
interpretation was based not only on the behavior of the within the framework of a cell±cell adhesion role and
SNb but also onthe lack of effect on theother connectin- that it is unnecessary to resort to a repulsive signaling
negative segmental nerve branch, SNd, and on the lack activity of connectin. If connectin were to have a specific
of detectable phenotypic changes in the muscles. repulsive role, then it would be important to search for
Our results, using a different construct to ectopically a heterophilic ligand; our data suggest this may be inap-
express connectin in muscles, differ from those of Nose propriate.
et al.; we see defects in both of the connectin-negative
branches of the segmental nerve, SNb and SNd, and Experimental Procedures
we see a phenotype in the muscles. This lack of restric-
tion of pathfinding defects to SNb argues against the Stocks
UAS-Connectinspecific repulsion proposal of Nose et al., and theeffects
The 4.5 kb NotI-HindIII (filled in) connectin cDNA was cloned into theon the muscles offer alternative explanations for the
NotI-EcoRI (filled in) site of the pUAST vector (Brand and Perrimon,misrouting phenotype. Indeed, the adhesion together of
1993). Ten independent transformant lines were generated, all of
the ventral longitudinal muscle group, muscles 6, 7, 12, them giving similar ectopic connectin expression when crossed to
and 13, suggests a simple explanation for the most com- various GAL4 driver lines. The line 69.1, which is on the second
mon SNb misrouting phenotype, where the nerve pro- chromosome, was subsequently used for all of the experiments.
24B GAL4gresses relatively normally over the surface of muscles
24B GAL4 drives expression of GAL4 in all of the muscle precursor6 and 7 but then fails to pass between muscles 6 and
cells from stage 11 onwards, till the end of embryogenesis (Lou et13 to reach the internal muscle surface and the synaptic
al., 1994). This line was obtained from Andrea Brand.
terminal sites (Figures 3B and 4D). As the ectopic con- Connectin Nulls
nectin results in the adhesion of these muscles, the These are two deficiencies, Flex 14 and OI1, which remove the
pathway between muscles 6 and 13 may no longer be connectin gene, as well as several lethal complementation groups
(Nose et al., 1994); they were obtained from Corey Goodman. Flexavailable to the nerve. A similar explanationmay account
14±OI1 heterozygotes lack connectin together with one identifiedfor the more variable failure to innervate muscles 6 and
lethal complementation group.7, whereby the nerve is still able to grow over the surface
of these muscles, but the closer than normal apposition
Immunolabelingof these muscles inhibits the RP3 nerve from passing
The embryos were collected on apple juice plates and fixed forbetween them to reach the synaptic target sites, which
20 min in 4% paraformaldehyde/PBS (for anti-myosin heavy chain
lie on the internal muscle surfaces. The SNd branch [MHC]) or 4% formaldehyde/PEM buffer (for anti-connectin and fas-
normally runs in the cleft between muscles 15 and 16; ciclin II) (Mitchison and Sedat, 1983). Embryos were washed three
times (1±2 hours)with PBTX (PBS, 0.1% BSA, and 0.1% Triton X-100)however, ectopic connectin expression causes these
and incubated with the primary antibody at 48C overnight. HRPmuscles toadhere together, and this may obscure SNd's
coupled or fluorescently labeled secondary antibodies (Jackson Im-normal pathway. Thus, these three phenotypes may be
muno Research Labs) were used for 2 hr at room temperature andproduced, not by specific repulsion, but by changes
washed for 1 hr (four times) with PT (PBS and 0.1% Tween 20). The
in muscle structure consequent on the muscle±muscle HRP labeling was developed using 0.33% DAB (Sigma) in PT with
adhesion driven by ectopic connectin expression. 1:500 dilution of a 30% H2O2 stock (BDH) and 30 mM NiCl2. The
primary antibodies were rabbit anti-MHC, used at 1:50 (Kiehart andThe differences between the phenotypes that we ob-
Feghali, 1986; kindly provided by Dan Kiehart); anti-FasII mouseserve and those seen by Nose et al. may lie in the
monoclonal hybridoma supernatant 1D4, used at 1:10±1:20 (Vanstrength or timing of the expression of connectin, driven
Vactor et al., 1993; kindly provided by Corey Goodman); and anti-by the 24B-GAL4/UAS-connectin system or the Toll reg-
connectin (C1.427) mouse monoclonal hybridoma supernatant,
ulatory region. The system we have used is likely to used at 1:1±1:2 (Meadows et al., 1994). The HRP coupled anti-mouse
result in stronger connectin expression; we see axon and anti-rabbit secondary antibodies were preabsorbed against
fixed Drosophila embryos. For bright-field microscopy, we used apathfinding defects in every hemisegment with only a
Neuron
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Zeiss Axiophot, and fluorescent microscopy was carried out on a Matthes, D.J., Sink, H., Kolodkin, A.L., and Goodman, C.S. (1995).
Semaphorin II can function as a selective inhibitor of specific synap-Leica TCS confocal microscope.
Embryonic Dissections tic arborizations. Cell 81, 631±639.
The embryos were staged according to Campos-Ortega and Meadows, L.A., Gell, D., Broadie, K., Gould, A.P., and White, R.A.H.
Hartenstein (1985). The labeled embryos were resuspended over- (1994). The cell adhesion molecule, connectin, and the development
night in 70% glycerol and then dissected dorsally, using fine insect of the Drosophila neuromuscular system. J. Cell Sci. 107, 321±328.
pins stuck at the end of capillary tubes. The flat preparations were Mitchell, K.J., Doyle, J.L., Serafini, T., Kennedy, T.E., Tessier-Lavigne,
mounted in 70% glycerol. M., Goodman, C.S., and Dickson, B.J. (1996). Genetic analysis of
Larval Dissections the Netrin genes in Drosophila: Netrins guide CNS commissural
Wandering third instar larvae were picked and pinned ontoa Sylgard axons and peripheral motor axons. Neuron 17, 203±215.
(Dow Corning Corp., USA) plate using insect pins, cut open dorsally,
Mitchison, T.J., and Sedat, J. (1983). Localization of antigenic deter-and then pinned out flat. The gut and brain were dissected away
minants in whole Drosophila embryos. Dev. Biol. 99, 261±264.using fine forceps, and the larvae were fixed for 45±60 min in 4%
Nose, A., Mahajan, V.B., and Goodman, C.S. (1992). Connectin: aparaformaldehyde in PBS.
homophilic cell adhesion molecule on a subset of muscles and
motorneurons that innervate them in Drosophila. Cell 70, 553±567.Acknowledgments
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